The mammalian zona pellucida contains several glycoproteins whose oligosaccharide moieties are known to play a key role in the interaction with spermatozoa. Since zona pellucida defects may represent one of the most likely causes of failed fertilization in human in-vitro reproduction, we have studied the carbohydrate composition and distribution over the human zona pellucida by means of lectins. Donated, not inseminated cumulus-oocyte complexes, from cohorts with high fertilization rates, and fertilization-failed oocytes from cohorts inseminated with proven fertile donor semen, were analysed using 11 fluorescein-labelled lectins, on deplasticized semi-thin epoxy sections. Results showed that wheat germ agglutinin (WGA), Maclura pomifera (MPA) and Pisum sativum (PSA) bound to the extracellular matrix bordering the zona pellucida-corona radiata interface of cumulus-oocytes complexes, while the zona pellucida was labelled by WGA, Concanavalin A (ConA) and PSA. WGA labelling and correlative electron microscopy on the cumulus-oocyte complexes demonstrated that this lectin is a useful tool to trace the cortical granule distribution in the human oocyte. Surprisingly, in the failed-fertilized oocytes the zona pellucida was also labelled by MPA and showed three different patterns: (i) labelling of the zona pellucida outer surface; (ii) uniform labelling; (iii) labelling of an outer zona pellucida layer with variable thickness. Comparative analysis of WGA and MPA labelling on single failed-fertilized oocytes demonstrated that MPA zona pellucida patterns are not related to the cortical reaction. The nature and meaning of the MPA pattern of failedfertilized oocytes were discussed in the light of zona pellucida defects impairing sperm receptivity.
Introduction
Today, protocols used for human gamete handling and insemination by assisted reproductive units are so consistently standardized that failed fertilization may be ascribed to intrinsic gamete defects. Partial or total failed fertilization in metaphase II oocytes, inseminated with apparently normal or proven fertile donor semen, may indicate the presence of oocyte dysfunctions. Oocyte defects may include anomalies in the achievement of nuclear and/or cytoplasmic maturity, or in the zona pellucida (ZP) sperm receptivity. It has recently been suggested that ZP defects may represent the most likely causes of failed fertilization when proven fertile donor semen is used (Bedford and Kim, 1993; Van Blerkom et al., 1994) .
The ZP, an extracellular glycoprotein envelope surrounding the mammalian oocyte, is known to play a key role in the interaction with spermatozoa. In the mouse, the best known system, the ZP consists of three glycoproteins, ZP1, ZP2 and ZP3 (Wassarman, 1992) . In particular, ZP1 is known to have a structural role, whereas ZP3 and ZP2 act as primary and secondary sperm receptors respectively. Species-specific binding of capacitated spermatozoa to the ZP via the O-linked oligosaccharide moiety of ZP3 triggers the acrosome reaction (Florman and Wassarman, 1985) . It is thought that acrosomereacted spermatozoa bind to ZP2 and this interaction is required for maintaining the association with, and for progressing through, the ZP . More likely, sperm ZP3-binding proteins are the protein sp56 (Cheng et al., 1994; Bookbinder et al., 1995) , a β1-4 galactosyltransferase on the sperm head surface (Miller et al., 1992) and a 95 kDa protein that serves as tyrosine kinase substrate in response to zona binding (Leyton and Saling, 1989) . The sp56 and a β1-4 galactosyltransferase may respectively recognize ZP3 nonreducing terminal galactose (Gal) or β1-6 branched polylactosamine type oligosaccharides (Litscher et al., 1995) , and Nacetylglucosamine (GlcNAc) residues essential for sperm receptor activity Miller et al., 1992) . After fertilization, glycosidases released at cortical granule (CG) exocytosis are thought to modify ZP3 to a form, called ZP3f, unable to bind spermatozoa and to induce the acrosome reaction (Bleil and Wassarman, 1983; Miller et al., 1993) . Recently, studies on human fertilization identified two sperm proteins as candidates for zona binding, 95 kDa and 51 kDa proteins known as FA-1 antigen, both endowed with phosphotyrosine residues (Naz et al., 1993; Naz and Ahmad, 1994; Burks et al., 1995) . As regards the human ZP (hZP), Shabanowitz and O'Rand identified two components, on the basis of their molecular weights, possibly corresponding to the mouse ZP2 and ZP3 (Shabanowitz and O'Rand, 1988; Shabanowitz, 1990) . Although later studies showed the presence of both three genes and three glycoproteins, hZP1, hZP2 and hZP3 (Chamberlin and Dean 1990; Epifano and Dean, 1994; Moos et al., 1995; Rankin and Dean, 1996) considerably less is known about the oligosaccharide moieties of human ZP compared to the mouse. αMan Ͼ αGlc Ͼ αGlcNAc.
Arachis hypogaea (PNA) Galβ1,3GalNAc Ͼ α and βGal
a From Goldstein and Poretz (1986) . Gal, galactose; GalNAc, N-acetylgalactosamine; GlcNAc, Nacetylglucosamine; Fuc, fucose; Man, mannose; Meth α Man, methyl α mannoside. 
CEM: cumulus extracellular matrix; ZP: zona pellucida ; CG: cortical granules. a The labelling was observed only in failed-fertilized oocytes.
The aim of the present work is the 'in-situ' localization of carbohydrate moieties in the ZP of donated, not inseminated human cumulus-oocyte complexes (COCs) and failed-fertilized (FF) oocytes in order to detect differences in their distribution. Fluorescein-labelled lectins, specifically recognizing sugar residues, have been used on deplasticized semi-thin epoxy sections, in order to trace carbohydrate distribution in the ZP and to identify a probe marking CGs (Talevi et al., 1995) for visualizing partial or total exocytosis that could have modified the ZP labelling pattern.
Materials and methods

Oocyte collection and IVF procedures
COCs were obtained from women (aged 21-38 years) undergoing in-vitro fertilization (IVF) programmes. The FF oocytes analysed in this study, were selected from IVF cycles in which, despite the use of proven fertile donor semen, partial fertilization occurred.
All couples involved in the IVF programme had signed an informed consent document authorizing the use of the above biological material for research purposes.
Ovarian stimulation was induced using the long course gonadotrophin-releasing hormone analogue (GnRHa) associated with follicle stimulating hormone (FSH) (Metrodin; Serono, Rome, Italy). GnRHa (Buserelin; Suprefact; Hoechst, Hounslow, UK) was administered by 2774 nasal insufflation at a dose of 6ϫ100 µg/day from day 23 of the menstrual cycle until human chorionic gonadotrophin (HCG; Prophasi; Serono) administration. On day 3 of the menstrual cycle or after 12-14 days of the GnRHa, down regulation was checked by hormone assay [oestradiol concentration ഛ40 pg/ml, luteinizing hormone (LH) ഛ4 mIU/ml] and ultrasound scan (absence of ovarian follicles Ͼ10 mm). In the absence of one of the above criteria, the administration of GnRHa was continued and hormone assays were repeated every 3-5 days until evidence of ovarian quiescence could be obtained. Ovarian stimulation with FSH was performed with an initial dose of 150 IU/day for patients aged Ͻ25 or with polycystic ovarian disease, 225 IU/day for patients aged between 25 and 35, and 300-525 IU/ day for patients aged Ͼ35 years. The starting dose was maintained for at least 6 days, after which a classical incremental scheme protocol was followed. Follicular growth was monitored by transvaginal ultrasound scan (Toshiba SSA 270, 5 MHz vaginal probe) and determination of serum oestradiol, LH and progesterone concentrations on days 6 and 8, and then daily. Oocyte maturation was induced by i.m. administration of 10 000 IU. HCG when at least two follicles attained a diameter of 18 mm and oestradiol was higher than 500 pg/ml. The average duration of the stimulation was 11 Ϯ 2 days. Oocyte retrieval was performed using transvaginal ultrasonographỹ 36 h later. COCs were washed several times in MEM (Gibco Life Technologies, Milan, Italy) and then incubated for 3 h in MEM supplemented with 8% patient serum at 37°C, 5% CO 2 in air prior to insemination. In some cases, IVF medium (Medicult, Copenhagen, Denmark) was used. IVF was performed using 100 000 capacitated spermatozoa per ml, obtained by swim-up technique of proven fertile donor semen.
Oocyte fixation and lectin cytochemistry
The donated, not inseminated COCs were fixed at 6 h after retrieval and analysed only when the relative cohort had a fertilization rate ജ90% (five oocytes from different patients). Oocytes lacking pronuclei at 16-19 h post-insemination (n ϭ 40) were fixed at 48 h. All samples were fixed in paraformaldehyde 4%, glutaraldehyde 0.1%, 0.1 M sodium cacodylate pH. 7.4 for 2 h at 4°C, rinsed 3ϫ10 min in buffer, treated with 0.2 M NH 4 Cl in buffer for 1 h to aminidate free aldehyde groups, and washed again 3ϫ10 min in buffer. Samples were then dehydrated in ethanol and singly embedded in the epoxy resin Agar 100 (Agar Aids, Milan, Italy). In some experiments (n ϭ 15), in order to visualize better the CG distribution (see Results section), the ZP was removed after fixation by pipetting the oocyte through a fine-bored Pasteur pipette.
Semi-thin sections (1 µm thick) were cut on water, mounted on cleaned glass slides and dried at 45°C overnight. Sections were deplasticized in sodium ethoxide according to Lane and Europa (1965) , rehydrated in phosphate-buffered saline 0.01 M, pH 7.4 (PBS), incubated for 20 min in the dark with fluorescein-labelled lectins (EY, Florence, Italy; Table I ) at 30 µg/ml, except for wheat germ agglutinin (WGA) (5 µg/ml) and Pisum sativum agglutinin (PSA) (60 µg/ml), in the appropriate buffer (see below), washed three times in PBS and mounted with PBS/glycerol 1/10 plus 0.05% paraphenylenediamine. (Table I) . Since WGA may bind either GlcNAcβ1-4GlcNAc or NeuNAc residues, in order to discriminate their contribution to WGA labelling, some sections were treated with 5 IU/ml of neuraminidase in acetate buffer pH 5.0 prior to incubation with WGA. Sections were observed under fluorescence microscopy. For transmission electron microscopy, serial thin sections were cut on a Supernova microtome (Reichert-Yung), collected on uncoated copper grids, and stained with saturated aqueous uranyl acetate and Reinhold's lead citrate. Thin sections were observed with a Philips CM 12 electron microscope at 80 kV.
Results
Lectin labelling in COCs
In this study, the use of deplasticized 1 µm thick epoxy sections combined with fluorescent labelling provided high resolution images of oocyte structures.
Of the 11 lectins tested, only WGA, ConA, PSA and MPA bound the COCs (Figure 1 ; Table II) The extracellular matrix of follicle cells, especially at the corona radiata/ZP interface, had high affinity for WGA ( Figure 1A ) and MPA ( Figure 1D ) and a lower affinity for PSA ( Figure 1C ). The ZP showed affinity for WGA, ConA and PSA. WGA produced a uniform ZP labelling ( Figure 1A) , whereas ConA and PSA binding were not evenly distributed throughout the ZP. ConA preferentially bound the inner half of ZP ( Figure 1B ), while PSA binding showed an intermediate layer of the ZP with weaker affinity ( Figure 1C, inset) . The ooplasm was intensely labelled only with ConA ( Figure 1B) ; WGA selectively bound a thick cortical layer that, in favourable areas, appeared to be constituted by the oocyte plasma membrane and closely apposed CGs ( Figure 1A ; see also Figure 4B-D) . Moreover, discrete cytoplasmic structures, likely to correspond to Golgi complexes, were also stained by WGA (Figure 1a) . Controls with hapten sugars were negative (not shown). Treatment with neuraminidase, prior to incubation with WGA, caused a marked decrease of ZP and cortical layer reactivities and abolished the binding to the cumulus extracellular matrix ( Figure 1E ).
Lectin labelling in FF oocytes
The FF oocytes (n ϭ 40) analysed in this study came from different patients undergoing IVF cycles with proven fertile donor semen.
WGA, PSA and ConA produced the same patterns observed on the COC ZP (Table II) . Interestingly, in the FF oocytes the ZP was also labelled by MPA according to three different patterns: (i) labelling restricted to the ZP outer surface (n ϭ 14; 33%) ( Figure 2A) ; (ii) uniform labelling (n ϭ 20; 50%) ( Figure 2b) ; and (iii) labelling of an outer ZP layer with variable thickness (n ϭ 6; 17%) ( Figure 2C ) as demonstrated by comparison with WGA stained serial sections in which the whole ZP thickness was labelled ( Figure 2D ). In order to understand whether the MPA patterns observed may be related to CG exocytosis, serial sections of oocytes with pattern i, ii or iii were stained with WGA. CGs were generally present in the cortical cytoplasm ( Figure 2D) . In a few cases, a partial CG exocytosis, not associated with any MPA labelling pattern, was observed. As regards the cytoplasmic distribution of lectin binding sites in FF oocytes, the only noticeable difference, compared to COCs, concerned the WGA. In fact, the oolemma of FF oocytes had a lower WGA binding. This allowed a better visualisation of putative CGs (see Figure 4A ). Controls with hapten sugars were negative (not shown).
Correlative EM of COCs and FF oocytes
One of the advantages of this technique is the possibility to relate ultrastructure and fluorescent labelling on serial sections of the same oocyte. In order to identify the composition of the COC thick layer labelled by WGA ( Figure 1A ), serial thin sections were double stained and observed. Results showed that the cortical layer is composed of a high density of microvilli and a single layer of CGs ( Figure 3A) . Correlative EM of FF oocytes showing WGA reactive granules scattered in the subcortical and the deep cytoplasm demonstrated the presence of CGs in such locations ( Figure 3B ).
WGA labelling in ZP-free FF oocytes
Results on WGA labelling and correlative electron microscopy of COCs demonstrated that WGA is a useful tool to trace the CG distribution in the human oocyte. However, the intense ZP labelling by WGA may interfere with the visualization of 2777 CGs in areas where the perivitelline space is narrow ( Figure 4A ). In order to trace the CG distribution of FF oocytes, in some experiments (n ϭ 15) the ZP was removed after fixation by pipetting the oocyte through a fine-bored Pasteur pipette. As shown in Figure 4 (B-D), ZP removal greatly enhanced the CG visualization by WGA and allowed the identification of three main different patterns: (i) a cortical rather homogeneous distribution ( Figure 4B) ; (ii) a cortical distribution with a variable number of CGs in the deep cytoplasm ( Figure 4C) ; and (iii) a cortical distribution with some large CG-free areas ( Figure 4D ). Treatment with neuraminidase, prior to incubation with WGA, did not change labelling of the plasma membrane, but caused a marked decrease of CG reactivity ( Figure 4E ).
Discussion
The present study provides new data about the composition and distribution of sugar residues in the corona radiata cells, associated extracellular matrix, ZP and cytoplasmic organelles of human COCs from cohorts with high fertilization rates and female-factor FF oocytes. WGA labelling on deplasticized semi-thin sections allowed the CG distribution to be traced in the human oocyte. Moreover, data obtained with MPA and correlative WGA CG staining on FF oocytes showed for the first time the presence of three different ZP labelling patterns in unactivated oocytes.
The characterization of terminal sugar residues of human ZP glycoproteins is important in the light of the key role played by carbohydrates in the sperm-egg interaction in the human (Mori et al., 1989; Oehninger et al., 1990 , 1991 , 1992 : Tesarik et al., 1991 Miranda et al., 1997) . As regards the lectin binding features of human ZP, results obtained with WGA, ConA and PSA on donated COCs and FF oocytes are in partial agreement with previous studies (Bar-Shira Maymon et al., 1994; Lucas et al., 1994) . In fact, as regards the WGA, Bar-Shira Maymon et al. (1994) found reactivity confined to the outer and inner ZP layers, whereas in the oocytes analysed in the present study a homogeneous labelling was found. This discrepancy may be related to differences in the cytochemical protocol adopted. Concerning the nature of sugar residues identified by the lectins used, WGA binding suggests the presence of the disaccharide GlcNAcβ1,4GlcNAc and/or NeuNAc residues (Monsigny et al., 1980) , ConA recognizes α-D-mannose residues in complex N-linked oligosaccharides (Brewer and Bhattacharya, 1986) , whereas PSA recognizes α-D-mannose in biantennary N-linked oligosaccharides with Lfucose linked in α1,6 to GlcNAc at the reducing end (Debray et al., 1981) . As reported above, WGA may bind either GlcNAcβ1,4GlcNAc or NeuNAc residues, while MPA preferentially binds the terminal disaccharide Galβ1,3GalNAc and internal αGalNAc residues (Goldstein and Poretz, 1986) . In 2778 our experiments, pretreatment with neuraminidase prior to incubation with WGA markedly decreased ZP labelling, thereby indicating that both GlcNAcβ1,4GlcNAc and NeuNAc residues are recognized by this lectin in the human ZP. Data obtained with MPA on female-factor FF oocytes add new information about ZP sugar composition. Since SBA, GS-I, BPA, DBA and PNA, also recognizing terminal GalNAc residues, were unreactive on FF ZP, the MPA reactivity may be due to internal αGalNAc residues. The most interesting finding in this paper arises from observations on the presence and topography of MPA binding sites on the ZP of female-factor FF oocytes. For the first time, three subpopulations of FF oocytes have been recognized on the basis of their ZP labelling pattern. The MPA labelling heterogeneity is not due to a different grade of zona hardening reaction caused by CG exocytosis (Ducibella et al., 1991) . In fact, no relationships between CG exocytosis and MPA ZP patterns were found, and an apparently normal CG distribution was observed on serial sections of FF oocytes. Our data on 'normal' COCs show that the extracellular matrix bordering the corona radiata/ZP interface is reactive to WGA, PSA and MPA, thereby indicating the presence of NeuNAc, α-Dmannose and Galβ1,3GalNAc residues. Since the ZP of COCs is devoid of MPA binding sites, it may be suggested that the three patterns found in the FF population result from a different grade of penetration of the extracellular matrix glycoconjugates within the ZP. Previous reports on mouse, rat and human oocytes identified changes in the ultrastructure, histochemical features and sperm receptivity of ZP upon oocyte maturation or atresia (Tesarik et al., 1988; Familiari et al., 1989; Kaufman et al., 1989; Shalgi et al., 1991) . In these regards, in the FF population here analysed, unknown structural or biochemical features of the ZP, possibly linked to different stages of maturation/ageing, may influence the grade of extracellular matrix penetration and impair the sperm receptivity.
In conclusion, the presence of MPA binding sites on the human ZP may be linked to fertilization failures. The retrospective analysis of FF oocytes using MPA and WGA may be useful to understand the implication of oocyte defects in unexpected fertilization failure.
